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H I G H L I G H T S
• Understanding of column development
is achieved for TiN ﬁlms by combining
thin ﬁlm deposition and computational
modelling at different pressures
• The particle ﬂux angular distribution
reaching the substrate is the key param-
eter dictating growth morphology and
column tilt angle β
• TiN columns appear less tilted with
increasing pressure for substrate tilt
angles α ≥ 35°
• Saturation of column tilt angle β around
25–30° is observed for α ≥ 65° due to
the broadening of the angular distribu-
tion
• Crossover phenomena of the layer den-
sity, surface roughness and resistivity
versus angle α are revealed between
0.3 and 0.5 Pa
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Nanostructured columnar titanium nitride (TiN) thin ﬁlms were produced by oblique angle deposition using re-
active magnetron sputtering. The inﬂuence of the angular distribution of the incoming particle ﬂux on the
resulting ﬁlmmorphology (column tilt angle, porosity, surface roughness)was studied by varying the inclination
angleα of the substrate at two different working pressures, 0.3 and 0.5 Pa. The microstructural features and col-
umns tilt angles βexp determined experimentally were compared to those simulated from two kinetic Monte
Carlo (KMC) models. With increasing pressure, the TiN columns were found to be less deﬁned but no signiﬁcant
changes in βexp were revealed. Both KMCmodels satisfactorily reproduced the experimental ﬁndings, the agree-
ment being closer at 0.5 Pa. The evolution ofβ angle is also discussedwith respect to the resulting incidence angle
θres of the incomingﬂux, this latter quantity accounting for the local incidence angle of individual particles, which
may greatly differ from the geometrical angleα, especially at highworking pressure due to the incoming particle
– gas collisions. Crossover phenomena between the 0.3 and 0.5 Pa series were revealed from the evolution of the
ﬁlm resistivity, as well as simulated layer density and surface roughness versus α angle.
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1. Introduction
Oblique angle deposition (OAD) and glancing angle deposition
(GLAD) techniques have emerged as attractive physical vapor deposi-
tion routes to synthesize nanostructured and sculptured thin ﬁlms
with dedicated open porosity, large surface area, controlled texture
and anisotropic properties [1–5]. By taking advantage of the highly di-
rectional vapor ﬂux obtained from thermal or electron-beam evapora-
tion of a solid target in ultra-high vacuum conditions, the production
of thin ﬁlms with well-deﬁned tilted columnar structures is achievable.
By employing an additional substrate motion during GLAD, more com-
plex ﬁlm architectures, like nanorods, zig-zag or spiral structures, can
be fabricated [2–4,6–9].
Under stationary mode, ﬁlms produced under OAD conditions form
columns which are oriented towards the incoming vapor ﬂux, making
an angle β with the substrate normal [1,2,10]. Experimentally, the col-
umns tilt angle β is ordinarily lower than the angle θ formed by the sub-
strate normal and the source direction [1,2,11–13]. The development of
such tilted columnar structures is mainly governed by shadowing effect
aswell as surface diffusion if the experimental conditions allow alleviat-
ing from kinetics limitations and ensure sufﬁcient adatom mobility.
Although the trend of β increasing monotonically with θ was claimed
to follow one of the two empirical tangent and cosine rules [14,15], re-
cent experimental works and numerical simulations have shown that
the β-θ relationship is not universal and depends on the material type
and growth conditions [11,13,16,17].
It is of prime importance to understand how these columnar struc-
tures develop depending on the deposition conditions. Indeed, the col-
umns tilt angle β affects the overall ﬁlm microstructure (surface
roughness, porosity degree) and the resulting optical [9], electrical
[18,19] or tribological [20] properties. Such nanostructured thin ﬁlms
ﬁnd widespread applications in diverse ﬁelds, such as gas sensing [7,21],
optical devices and photonics [22,23], thermal protective coatings, photo-
voltaics and fuel cell components, catalysis and electrochemistry, as well
as surfaces with controlled wettability [24] and biocompatibility [25].
For most applications implying OAD ﬁlms, evaporation is the method of
choice and has been successfully applied to various materials, including
elemental metals and semiconductors (Si, Ge) [26,27], as well as oxide
compoundﬁlms [28,29]. Although less employed for suchmicrostructural
design, plasma-based and ion beam-assisted deposition techniques can
provide a better control/ﬂexibility in terms of process parameters, offer-
ing further routes to tailor the development of columnar structures and
expand the panel of their physical characteristics.
While oxide thin ﬁlms produced at glancing angle incidence have
occupied a central position in recent years for their integration as anti-
reﬂective and conductive layers in solar cells, OAD of nitride thin ﬁlms
has been comparatively much less explored. Titanium nitride (TiN) is
one of the most well-established engineering materials today that has
broad technological applications due to its unique combination of me-
tallic, covalent and ionic bonding character. It has long been employed
as a protective, hard and decorative coating [30] but its electronic prop-
erties and low thermal conductivitymake it also useful as diffusion bar-
riers in microelectronic devices or solar cells [31,32]. Recently, it has
emerged as a promising material for plasmonic applications requiring
thermal stability (such as photothermal or hot electron devices) due
to its high melting point (Tm = 3563 K) combined with high electron
conductivity andmobility [33,34]. Therefore, there is a growing interest
in synthesizing nanostructured TiN layers, which motivates the imple-
mentation of OAD approaches to achieve such goals [35].
Polycrystalline TiN thin ﬁlms are routinely fabricated by magnetron
sputtering (MS) at substrate temperature Ts in the range of 300–600 K,
andworking pressure in the0.2–0.5 Pa range. Such conditions result in a
typical columnar growth at normal incidence, corresponding to either
‘Zone-I’ or ‘Zone-T’ of structure zone diagrams [36]. However, only
few works exist in the literature regarding the growth and properties
of TiN ﬁlms produced by oblique angle MS [37,38].
The particle ﬂux generated from the sputtering of a solid target
possesses two main distinctive features with respect to a thermally
emitted vapor ﬂux: (1) a much higher kinetic energy of the incoming
particles, in the 1–10 eV range and (2) a broader angular distribution
due to scattering in the gas phase, as a much higher working pres-
sure, typically in the 0.1–1.0 Pa range, is required to sustain the
plasma discharge. The inﬂuence of the working gas pressure on the
growth morphology of metallic thin ﬁlms deposited by oblique angle
MS has been reported for Ti and Au [4,17,18,39], while the impact of
an ionized off-normal ﬂux on the column tilt angle of Cr thin ﬁlms has
been investigated by Elofsson et al. [40] and Greczynski et al. [41]
using high power impulse magnetron sputtering discharge. However,
to the best of our knowledge, no prior work has been dedicated to
investigate the inﬂuence of deposition conditions on the column
formation and tilt angle of TiN thin ﬁlms grown by MS at oblique
angle incidence.
In this work, we combine an experimental and computational re-
search strategy to systematically study the inﬂuence of the angular dis-
tribution of the particle ﬂux on the development of columnar TiN thin
ﬁlms. To this end, TiN ﬁlms were grown by reactive MS at various sub-
strate inclination angles and working pressures, and their microstruc-
tural features analyzed by X-ray diffraction, scanning electron
microscopy and atomic force microscopy. Experimental data are com-
pared to Monte Carlo (MC) simulation results obtained taking into ac-
count the whole deposition process, from ejection of sputtered atoms
from the target, transport in the gas phase and three-dimensional
(3D) ballistic deposition models.
2. Methodology
2.1. Thin ﬁlm deposition
TiN coatings were deposited by direct current reactive MS on (001)
Si substrates (size 2.5 cm× 1 cm) inclined at different tilt anglesα=5°,
35°, 65°, 75° and 85° with respect to the surface normal of the target
(cathode) material. The cathode is a 75 mm diameter disk of pure tita-
nium (purity 99.995%), located at 18 cm from the substrate holder in a
confocal conﬁguration, and making a ﬁxed angle of 25° with respect to
the vertical axis, see Fig.1a. The power density on the target was ﬁxed
at 6.8 W·cm−2 and the substrate was polarized by an rf power supply
to maintain a constant bias voltage of ~−30 V during deposition. Before
the deposition process, the Ti target was sputter-cleaned for 3 min in
pure Ar discharge, while the substrate was shielded by a shutter. The
inert gas (Ar) and the reactive gas (N2) were introduced into the cham-
ber through separate mass ﬂow controllers, N2 being injected in the vi-
cinity of the substrate using a speciﬁc gas ring. Two ﬁlm series were
investigated depending on the total working pressure: P= 0.3 Pa, cor-
responding to 16 sccm of Ar and 0.3 sccm of N2, and P = 0.5 Pa, corre-
sponding to 28 sccm of Ar and 0.4 sccm of N2. The N2 ﬂow rate was
adjusted to obtain stoichiometric TiN ﬁlms, based on our previous
work [42].
All depositionswere carried at room temperature (300 K) and in sta-
tionary mode, i.e. at ﬁxed azimuthal angle ϕ. To vary the tilt angle α of
the substrate, custom-made individual holders having different inclina-
tions with respect to the main plate holder were used, as schematically
shown in Fig. 1a. The zenithal angleα, deﬁned as the angle between the
surface normal to the substrate and the surface normal to the target, is
therefore the geometrical angle of the substrate inclination. The case
α= 0 corresponds to a substrate surface being parallel to the target
surface.
To minimize the effect of the ﬁlm thickness on the development of
columns, the deposition time was adjusted between 83 and 133 min,
so as to obtain TiN ﬁlmswith similar layer thicknesses (~1 μm) at differ-
ent incident anglesα. A reference TiN ﬁlm, with fully densemicrostruc-
ture and 1:1 stoichiometry, was also deposited using the following
condition: P= 0.3 Pa, T= 723 K and α= 5°.
2.2. Microstructural characterization
Cross-section and top-view micrographs of the as-deposited TiN
coatings were observed by scanning electron microscopy (SEM) using
a ﬁeld emission gun JEOL 7001F-TTLS microscope operating at 10 and
20 kV, respectively. From the cross-section images, the thickness and
the (experimental) column tilt angle βexp of the TiN ﬁlms were
determined. The deposition rate was calculated from the thickness
and deposition time.
The surface roughness was measured for selected samples
using a Nanoscope III Multimode atomic force microscope (AFM)
from Digital Instrument, operating at ambient air in tapping
mode.
The elemental composition of the coatings was determined using
wavelength-dispersive X-ray spectroscopy (WDS) unit (Oxford Instru-
ments) attached to the JEOL microscope operating at an accelerating
voltage and probe current of 10 kV and 20 nA, respectively. Quantiﬁca-
tion was performed for nitrogen, oxygen and titanium elements, using
the INCA Energy+software. Overlap between Ti Lα and N Kα lines
was accounted for using a correction procedure described elsewhere
[43]. Reported atomic fraction values were an average of three
measurements.
The crystal structure was examined by X-ray diffraction (XRD)
using a Bruker D8 diffractometer operating in Bragg-Brentano θ/2θ
conﬁguration using a Cu Kα wavelength (1.5418 Å). XRD patterns
were measured along two angular 2θ ranges, from 30° to 65° and
72° to 90°. These ranges cover the main diffraction lines of TiN,
namely 111, 200, 220, 311 and 222, while avoiding the intense 400
Bragg reﬂection from the single-crystal Si substrate at 2θ= 69.13°.
XRD pole ﬁgure measurements were additionally carried out, using
a four circle Seifert XRD 3000 diffractometer, to determine the texture
of the TiN thin ﬁlms.
Electrical properties were assessed by standard four-point probe
technique. The average value of the electrical resistivity was calcu-
lated from measurements taken along two orthogonal in-plane
directions of the coating (longitudinal and perpendicular to the
projected ﬂux).
2.3. Computational simulations
2.3.1. Particle ﬂux reaching the substrate: SIMTRA code
The computer code SIMTRA [44] was used to simulate the trans-
port of Ti particle ﬂux from the Ti target towards the substrate. This
code provides the angular (θ, Φ) and energy distribution of neutral
particles (sputtered Ti atoms and backscattered Ar) reaching the
substrate, where θ and Φ represent the incidence angle and
azimuthal angle, respectively. The model assumes binary elastic
collisions with neutral gas atoms (Ar) until deposition on a surface
occurs. Depending on the Ar working pressure, particles experience
a different number of collisional events in the gas phase, which affect
both their kinetic energy as well as their trajectories. Therefore, for
an individual particle, the (local) incident angle θ may differ from
the (geometrical) tilt angle α, as illustrated in Fig. 1b. Such charac-
teristics also depend on the geometry of the vacuum chamber, espe-
cially at higher working pressure. Thus, the geometric speciﬁcation
of our chamber was included into the code.
The SIMTRA simulations were carried out using a total of 107 Ti
particles to ensure sufﬁcient statistics of the particles captured by
the substrate surface. The nascent angular and energy distributions
of Ti sputtered atoms leaving the target were obtained using SRIM
calculations [45], assuming the Ti target is bombarded with 350 eV
Ar+ ions, which corresponds to the plasma discharge characteristics
of the present experimental conditions. The racetrack proﬁle used
to create the initial position of the particles is of axial symmetry
type, ﬁtted to the experimental erosion proﬁle of the Ti target. A
Molière screened Coulomb potential was used to describe Ti-Ar
interaction. Note that interactions between Ti atoms and N2 gas
molecules are ignored in the SIMTRA code, but these marginally
affect the computed angular distributions since the fraction of N2
molecules amounts to b2% of the gas mixture under the present
experimental deposition conditions. To avoid capturing particles
arriving at the back side of the substrate, a cuboid box with dimen-
sions of 3 × 3 × 0.1 cm3 was used as substrate object. To vary the
substrate tilt angle α, the substrate was rotated around its x axis, see
Fig. 1b.
Fig. 1. a) Schematic illustration of the substrate holder conﬁgurations used to produce TiN thin ﬁlms at various tilt anglesα. The normal to the target surface (cylindrical cathode)makes an
angle of 25°with respect to the vertical axis (solid line). The angleα is referredwith respect to thenormal of the substrate surface. b) Schematic showing that the incident angle θ of a given
particle reaching the substrate may differ from the geometrical tilt angle α due to collisions during transport in the gas phase.
Other parameters of the simulations, such as the substrate
temperature and working pressure, were chosen correspondingly to
the experimental conditions: 300 K and P = 0.3 or P = 0.5 Pa,
respectively. As a reference for a collision-less transport, SIMTRA calcu-
lations were also performed at a ﬁctitious pressure of 0.0 Pa.
2.3.2. Kinetic Monte Carlo modeling of thin ﬁlm growth: Simul3D and
MODENA codes
Two independent kinetic Monte Carlo (KMC) models have been
used in simulations to grow TiN thin ﬁlms at various oblique angles.
Both are based on a 3D rigid lattice but consider different types of in-
cident particles: either individual Ti and N species, or an ensemble of
TiN molecules. Independently of the nature of the particles, the an-
gular distributions of sputtered Ti atoms generated by SIMTRA
were used as input parameters in both KMC codes. Note that the en-
ergy of the incoming particles is not explicitly taken into account at
this stage. Also, the contribution of backscattered Ar was neglected
since their fraction is relatively low (~2–3%) for the case of sputter-
deposited TiN ﬁlms [46] due to similar mass between Ti and Ar
species [47].
The ﬁrst model, implemented in the Simul3D code, uses a simple
cubic lattice based on the informatics pixel grid [48]. A cell repre-
sents a certain number of atoms and not a single one; in this work
a pixel (px) has a dimension of 5 nm, i.e. approximately 12.5 TiN
lattice parameters. Say differently, a voxel corresponds to a cubic
volume of about 103 TiN elementary cells. Consequently, surface dif-
fusion could not be taken into account, and this simple model only
mimics the growth morphology driven by the incident particle ﬂux.
The calculations are here performed at a nano/microscopic scale
and allow computing a large number of particles (10 × 106) in
a very short time. All simulations are performed in a cubic box of
250 × 250 × 200 px3, i.e. 1.56 μm3. The layer density was calculated
from the numbers of pixels ﬁlled with a particles normalized to the
overall numbers of pixel in the plane.
The second KMC code, named MODENA (MOdelling DEposition
of Nitride ﬁlms and their Alloys), has been speciﬁcally developed
to study the TiN system. Unlike the previous code, individual Ti
and N species are taken into account. MODENA employs the super-
position of two fcc sub-lattices (metal and nitrogen) to model the
cubic rock-salt structure of TiN, with unit cell dimensions equal to
half of the TiN bulk lattice parameter, i.e. a0/2 = 0.212 nm. A
complete description of the KMC model can be found elsewhere
[49]. In the present work, we apply our model to predict the growth
morphologies of TiN ﬁlms at varying oblique angles and at a ﬁxed
substrate temperature of 300 K. Both deposition and diffusion
events are considered in the model. However, surface diffusion
events were never observed to occur at 300 K, taking into account
the relatively large activation barrier of 1.0 eV chosen for both
N and Ti diffusing species. For deposition events, the interaction
parameter between the incoming particle and the 3D surface was
ﬁxed at a distance r0¼
ﬃﬃ
2
p
2 a0. It allows mimicking incoming particles
trapping due to short-range interactions with the ﬁlm surface,
similarly to the procedure employed by Alvarez et al. [39]. Both de-
position and diffusion events occur on stable sites deﬁned as sites
obeying a well-deﬁned surface contact rule, i.e. having a minimum
number of nearest (Nnn) and next-nearest (Nnnn) neighbours.
Here, the surface contact rule is fulﬁlled when Nnn ≥ 1 and Nnnn ≥ 3.
This set of parameters allows reproducing more realistic ﬁlm
properties, as shown in our previous work [49]. All simulations are
performed in a cubic box with lateral dimensions equal to 200 unit
cells, leading to a simulated volume of ~(42.4)3 nm3.
The simulated column tilt angle, β, is taken as the average of the
tilt angle from a sampling of 10 columns and then the error bar
corresponds to the root-mean-square value. The analysis was
performed in the middle part of the simulated TiN cross-section
images to avoid effects from the substrate interface as well as the
inﬂuence of column bending at larger ﬁlm thickness, as also ob-
served experimentally. The density of the simulated TiN ﬁlms was
calculated from the sites occupancy in each layer, and the average
Fig. 2. Angular distributions of Ti particles reaching the substrate, as computed from
SIMTRA, at three different Ar working pressures: a) 0.0, b) 0.3 and c) 0.5 Pa.
Distributions are shown for distinct tilt anglesα of the substrate: 5°, 35°, 65°, 75° and 85°.
performed throughout the bulk of the ﬁlm, i.e., excluding the contri-
butions from the substrate interface and ﬁlm surface (growth front)
regions.
3. Results
3.1. Particle ﬂux reaching the substrate
The angular distributions of Ti particles at the substrate position are
shown in Fig. 2 for various tilt anglesα of the substrate and at three dif-
ferent pressures P = 0.0, 0.3 and 0.5 Pa. A clear angular broadening of
the particle ﬂux is observed with increasing pressure. In the absence
of collisions (P = 0.0 Pa, Fig. 2a), the particle ﬂux is highly directional,
with a mean angular value θ corresponding approximately to the geo-
metrical angle α. However, as the target is not a point source, one can
observe a typical distribution width of ~15 to 20° (at half maximum).
The angular distribution proﬁle becomes asymmetric for α ≥ 65° due
to geometrical effects arising from the target race-track. At α= 5°, the
distribution is centered at 9°, which is expected taking into account
the ﬁnite target size (race-track radius = 3.5 cm and target-to-
substrate distance=18 cm). At P=0.3 Pa (Fig. 2b), the shape of the an-
gular distribution changes with increasing α: it has a large tail extend-
ing towards higher (resp. lower) angles at low (resp. high) α values.
One can also notice that at glancing angles,α=75° and 85°, the angular
distribution is almost the same. This effect ismore pronounced at higher
pressure, P=0.5 Pa, see curves obtained atα=65°, 75° and 85°. At this
pressure, the number of collisions becomes quite signiﬁcant: Ti particles
experience, in average, between 40 and 60 collisions with increasing
substrate tilt angle α (in comparison the number of collision is about
12 to 25 at 0.3 Pa, and no collision occurs at 0.0 Pa). Therefore, trajecto-
ries are much scattered, and particles may impinge on the substrate
from a very broad range of incident angles, which explains the results
observed in Fig. 2c. It is worth noting that the distributions presented
in Fig. 2 are those of the incidence angle θ for the computed trajectories
of all particles reaching the substrate (for all azimuthal angles corre-
sponding to these trajectories).
To describe more accurately the impinging particles ﬂux, polar
plots are shown at different pressures in Fig. 3 for the case α= 85°. At
P = 0.0 Pa, 99.5% of the ﬂux is centered at an incidence angle θ= 76°
and azimuthal angle ϕ= 180° with little dispersion: 15° in θ and 25°
in ϕ. This dispersion is purely geometric and comes from the dimension
of the race-track, which is clear from the presence of the two lobes. In-
creasing the pressure leads, as mentioned before, to more scattering
events during transport in the gas phase, and consequently to a broader
distribution. At P = 0.3 Pa, 45% of the incoming ﬂux is comprised in a
small area centered at 76° with few dispersion: 10° in θ and 15° in ϕ.
The next 40% of the ﬂux takes angles in a large area with θ being
comprised between 40° and 90° and ϕ between 140° and 220°. The
remaining 15% has an incidence angle θmainly around 40°, but the az-
imuthal angles could take values from 0° to 360°. At P = 0.5 Pa, these
three zones are still present but the amount of particles in each ones
has changed. Theﬁrst zone is yet only composed by 25% of the incoming
particles, the second zone by the next 35% and the remaining 40% arises
from all the spacewith incidence angles θ centered around 40° butwith
a very broad azimuthal dispersion.
A full description of the angular distribution of the incoming particle
ﬂux needs also to account for the azimuthal angle ϕ distribution: it is
well known that, whatever the incidence angle θ is, opposite azimuthal
contributions will result in the development of a vertical column. For
Fig. 3. Polar plots of the angular distribution of Ti particles reaching the substrate, as
computed from SIMTRA, at three different Ar working pressures: a) 0.0, b) 0.3 and
c) 0.5 Pa. The intensity scale is normalized to the maximum probability for each series.
Distributions are shown for a substrate tilt angle α= 85°.
Table 1
Inﬂuence of the working pressure P and substrate tilt angle α on the resulting incidence
angle θres calculated from individual particle trajectories computed by SIMTRA code.
Substrate tilt angle 
5° 35° 65° 75° 85°
P (Pa)
0.0 5.0° 34.6° 63.8° 72.9° 80.0°
0.3 3.1 ° 24.1° 38.1° 37.7° 32.7°
0.5 2.1° 15.4° 21.2° 19.6° 15.6°
α
this purpose, the resulting incidence angle, θres, has to be introduced in
the analysis [16]. This angle represents the average incidence angle
taking into account each individual particle with its speciﬁc coordinates
{θ, ϕ}. The [x,y,z] direction vectors are summed and normalized and the
angles {θ, ϕ} are calculated from this resulting vector. Table 1 lists the
θres values for the three pressures and the different substrate tilt angles
α. In all cases, θres is smaller than α. At 0 Pa, the difference remains
small, b5%. At 0.3 Pa, the difference is between 30 and 60% and between
50 and 80% at 0.5 Pa. It is worth pointing out that the maximum θres
value is reached at 0.3 and 0.5 Pa for a substrate tilt angle α= 65°.
The evolution of the normalized number of particles collected at the
substrate position is displayed in Fig.4 as a function of substrate tilt
angle α. As expected for a purely directional ﬂux (P= 0.0 Pa), the evo-
lution follows exactly a cosine law: the projected substrate area on a
plane parallel to the target scales with cosα. At low substrate tilt angles
(below approx. 30°), and at realistic pressure, scattering in the gas phase
induces necessarily less particles on the substrate compared to the case
P = 0.0 Pa. Indeed, a fraction of the ﬂux that was impinging the sub-
strate at P= 0.0 Pa is lost on the chamber walls. However, an increase
of the pressure from 0.3 to 0.5 Pa leads to more scattering in the gas
phase, and in this case to an increase of the number of particles on the
substrate. The substrate receives particles that come from all directions
Fig. 4. Evolution of the number of Ti particles reaching the substrate with substrate tilt
angle α, at different Ar pressures: 0.0, 0.3 and 0.5 Pa. Values were normalized to the Ti
ﬂux obtained at α= 5° and 0.0 Pa.
Fig. 5. Cross-section (a, c) and plan-view (b, d) SEM images of TiN ﬁlms deposited at various tilt angles (5°, 35°, 65°, 75° and 85°), and two different working pressures: 0.3 Pa (a,b) and
0.5 Pa (c, d). In panel (b), thewhite arrows indicate the direction of the incident ﬂux. Forα ≥ 65°, it is observed that the triangular shaped grainswith facets facing the projection ﬂux form
the resulting in-plane alignements.
in the azimuthal plane and with lower incidence angle. One can notice
that, at high pressure (0.5 Pa), the evolution of the number of particles
with the substrate tilt angle is upper the cosine law for α N 30°. The
more the substrate is tilted, the higher the fraction of the ﬂux impinging
the substrate at low incidence angle and fromall azimuthal directions is.
Consequently, the number of particles increases and the resulting inci-
dent angle θres decreases (see Table 1).
3.2. Growth morphology and microstructural evolution
3.2.1. Experimental results
The growth morphology of TiN ﬁlms sputter-deposited at 0.3 and
0.5 Pa is shown in Fig. 5a and c, respectively. All ﬁlms exhibit a well-
deﬁned columnar growth, as commonly observed for sputter-
deposited TiN ﬁlms [50]. With increasing substrate tilt angle α, the
inclination of the TiN columns with respect to the substrate normal
increases. It is noteworthy that, at 0.3 Pa, the boundaries between col-
umns become more distinctive with increasing substrate tilt angle α,
while at 0.5 Pa the contrast in the cross-sectional SEM micrographs is
fuzzier. One can observe that the cleavage occurs at distinct through-
thickness locations for the TiN ﬁlms deposited at 0.5 Pa. At 0.3 Pa,
straight columns can be distinguished, extending throughout the
entire ﬁlm thickness, and having a relatively constant diameter, except
at α= 85° where the TiN columns tend to enlarge and bend with in-
creasing ﬁlm thickness. It is also found that the columndensity is higher
close to the substrate interface.
Insights on the morphological growth development can be gleaned
from plane-view SEM micrographs. The surface topography of the
ﬁlms is considerably inﬂuenced by the oblique angle deposition and
the working pressure. At 0.3 Pa, the column tops emerge at the surface
with triangular facets, typical for [111]-textured sputter-deposited TiN
ﬁlms [51]. While these pyramids have a corner pointing upwards for
the case α= 5°, they become tilted with increasing α values. It is ob-
served that the in-plane arrangement of the columns is such that they
have their side facing the projection of the particle ﬂux (indicated by ar-
rows). This is especially visible atα=65° and 75°, for which some bun-
dling phenomenon [29] is also noticeable (association of columns in the
direction transverse to the incoming ﬂux). At α=85°, this in-plane ar-
rangement is less obvious, and the columns tops show manifold facets.
Finally, the gap between columns is found to signiﬁcantly increase with
increasing α, suggesting a higher fraction of inter-columnar porosity.
AFMmeasurements (representative images are shown in Fig. S1 of Sup-
plementaryMaterial ﬁle) conﬁrm the existence of coalesced domains at
α= 65°, as well as a drastic increase in the root-mean-square (rms)
surface roughness, from 9 to 43 nm, when α increases from 5° to 85°.
This evolution will be further discussed in Section 4 together with the
results obtained from KMC simulations.
With increasing pressure, the lateral features decrease in size:
compare images shown in Fig. 5b (0.3 Pa) and 5d (0.5 Pa). At 0.5 Pa, if
columns with a triangular shape are still visible at α= 5°, this is no
longer the case at higher tilt angles, where the column tops seem to
be constituted of many different facets (some having a star-like
shape) and exhibit some budding. No speciﬁc in-plane alignment of
the columns could be revealed at this pressure, see also AFM images
of Fig. S1. The surface rms-roughness obtained from AFM imaging for
the 0.5 Pa series is lower than at 0.3 Pa, with values ranging from 9 to
19 nm with α increasing from 5° to 85°.
Fig. 6a shows the evolution of the oxygen content in the TiN ﬁlms,
together with the N/Ti ratio, determined fromWDS analysis. The ox-
ygen content in the ﬁlms is in the 12–28 at.% range. These values are
signiﬁcantly larger compared to the amount (2–3%) found in the ref-
erence and fully-dense TiN ﬁlm deposited at 723 K, suggesting that
the presence of oxygen for the OAD TiN ﬁlm series deposited at
300 K is primarily due to post-growth contamination at ambient
air. Indeed, one can observe from Fig.6a that the oxygen content
increases with tilt angle α, the effect being more pronounced at
0.3 Pa. A higher degree of oxidation is expected to occur for increas-
ing ﬁlm porosity. Therefore, the trends depicted in Fig.6a in terms of
oxygen content evolution with α could bear witness of a higher po-
rosity fraction, and related lower ﬁlm density, for TiN ﬁlms deposited
at increasing tilt angles. Note that an accurate determination of the
ﬁlm density, e.g. from X-ray reﬂectivity, is still a challenging issue
for ﬁlms deposited at GLAD conditions. The observation of a sharper
increase in the oxygen content atα=85° for the 0.3 Pa series sounds
in fair agreement with the higher void fraction evidenced from SEM
observations (Fig. 5b). TiN ﬁlms deposited at 0.5 Pa contain system-
atically higher oxygen content, and the relative increase with α is
less pronounced than for the lower pressure series.
The evolution of N/Ti ratio is rather constant with α (with a mean
value around 0.9), as expected from the constant N2 ﬂow supplied dur-
ing deposition, which corroborates that the observed variations in oxy-
gen content are unlikely attributable to contamination during growth.
These changes in ﬁlm microstructure and chemical composition
withworking pressure and substrate tilt angle alsomanifest themselves
by variations in the room temperature electrical resistivity (ρ) over sev-
eral orders of magnitude, see Fig. 6b. Compared to the reference TiN
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Fig. 6. Evolutionwith substrate tilt angleα of (a) oxygen concentration (left axis) andN/Ti
ratio (right axis) and (b) electrical resistivity of TiN ﬁlms sputter-deposited at two
different working pressures: 0.3 Pa and 0.5 Pa.
ﬁlm, forwhichρ=30 μΩ·cm, the resistivity of theOADTiNﬁlms ranges
from 5.9 × 102 to 2.6 × 104 μΩ·cm, indicative of highly-defective ﬁlms.
The ρ values for the TiN series at 0.3 Pa span a larger range, and a cross-
over is observed between the 0.3 and 0.5 Pa series with increasing α.
The higher ρ values for the 0.5 Pa series for α below 40° could be as-
cribed to higher oxygen contamination, while the larger degree of ﬁlm
porosity at higher α angles for the 0.3 Pa series could be the dominant
contribution to the loss of conductivity for this series.
For both ﬁlm series, the XRD patterns reported in Fig. 7 show the
presence of relatively sharp diffraction lines corresponding to those ex-
pected for the cubic (Na-Cl type) structure of TiN. Several reﬂections,
corresponding to (111), (200), (220) and (222) planes, are identiﬁed
Fig. 7. XRD patterns of TiN ﬁlms deposited on Si at various tilt anglesα and two different working pressures (a) 0.3 Pa and (b) 0.5 Pa. Parasitic reﬂections from the Si substrate aremarked
with empty squares.
Fig. 8. Cross-sectional views (in the yz plane) of the computed TiN growthmorphology at different Ar pressures and substrate tilt anglesα. For each pressure, results of Simul3D are shown
on the left, while those obtained by MODENA are displayed on the right.
at 2θ=36.8°, 42.5°, 61.8 and 78.3°, respectively, attesting of the forma-
tion of polycrystalline ﬁlms. However, compared to reference powder
diffraction data (ICDD card n°38-1420), the relative intensity of the
111 diffraction line is much higher, suggesting that TiN ﬁlms develop
a [111] preferred orientation. XRD pole ﬁgure measurements (not
shown here) conﬁrm that the texture is along the [111] direction, but
depending on the substrate tilt angle α, they exhibit either a ﬁber or a
biaxial texture [36]. The biaxial texture, found for the TiN ﬁlms series
at 0.3 Pa and α ≥ 65°, is in line with the SEM observations of Fig. 5b.
The correlation between texture evolution and substrate/column tilt an-
gles will be the focus of another work.
Comparing the intensity and width of the XRD lines between both
ﬁlms series, it can be concluded that increasing the working pressure to
0.5 Pa deteriorates the crystalline quality of the ﬁlms. The larger width
is contributed to reduction in grain size and/or increase in microstrain.
The higher fraction of oxygen uptake found in these ﬁlms could also
explain the lower diffracted intensity. Finally, no signiﬁcant shift in the
diffraction peak position was observed with varying α for both ﬁlms
series, suggesting minimal change in the residual stress with α.
3.2.2. Computational results
The cross-section views of the TiN thin ﬁlm morphologies computed
at 0.3 and 0.5 Pa, but also at the ﬁctitious 0.0 Pa, are shown in Fig. 8 using
the angular distributions of Fig. 2. For the MODENA code, these angular
distributions were used for both N and Ti species. The Simul3D and
MODENA simulation boxes are respectively 200 px ∗ 5 nm and 200
unit cell ∗ 0.212 nm, so their lateral size cannot be directly compared.
Note that for better visualization of columns, contrast has been enhanced
for images obtained byMODENA (original images showing layer density
projection can be found in Fig. S2 of Supplementary material).
Both simulations clearly reproduce a columnar growth, in fairly good
agreement with the SEM observations. The nature of the arriving spe-
cies (individual Ti and N particles in MODENA code and TiN building
blocks in Simul3D code) does not seem to signiﬁcantly alter the results.
For the three sets of pressure, there is an increase of the column tilt
angle β with increasing substrate tilt angle α. At ﬁxed α, the columns
appear less tilted with increasing pressure for α N 35°.
We can also observe at low pressure, i.e., 0.0 Pa and 0.3 Pa, that the
columns within the ﬁlm are qualitatively larger, better deﬁned and
the inter-columnar space increases when α increases. This trend is in
linewith experimental ﬁndings at 0.3 Pa (see Fig. 5a). Straight columns,
extending throughout the entire ﬁlm thickness, and having a relatively
constant diameter are visible, except atα=85°where the TiN columns
tend to enlarge with increasing ﬁlm thickness. This last trend, columns
enlargement with increasing α, is not observed at 0.5 Pa; moreover,
the columns exhibit qualitatively a similar proﬁle from a tilt angle of
35°. Some branching between columns can be observed at this higher
pressure. Fig. 8 also reveals that the columns diameter and inter-
columnar spacing tend to increase with increasing pressure at low α
angle, i.e. at 5° and 35°. At higher angles, i.e. 65°and 85°, an opposite be-
havior is observed. Simulated structures also reveal bundling phenome-
non of some nano-columns in the transverse direction of the particle
ﬂux [29], which is further enhanced at high α angles.
4. Discussion
4.1. Inﬂuence of working pressure on column tilt angle
The simulated (β) and experimental (βexp) column tilt angles at two
different working pressures (0.3 and 0.5 Pa) are plotted against each
other in Fig. 9. Both KMC models give, qualitatively, similar trends: i) an
increment of the column tilt angle βwith respect to the substrate inclina-
tion angle, ii) a saturation phenomenon observed at highα values and iii)
lowerβ values at higher pressure. Computed values reproduce fairlywell
the experimental evolution, which attests of the reliability of our KMC
models. However, it can be noticed that overall simulated β values are
closer to the experimental values at higherworking pressure (0.5 Pa). Be-
cause in the simulations, diffusion events are close to zero at the growing
temperature of 300 K, the obtained TiN morphologies are essentially
dictated by atomic shadowing. This suggests that at 0.5 Pa the ﬁnal nano-
structures aremostly driven by the geometrical ﬂux distribution, while at
0.3 Pa other phenomena occur and inﬂuence the growth. This is certainly
due to the change in the crystallographic structure and orientation [52]
(Fig. 7), which is not taken into account in the simulations. Another
contribution which can explain the higher computed β values compared
to βexp at lower pressure is the inﬂuence of the deposited energy. As pro-
posed by Alvarez et al. [39], at low pressure, hyperthermal particles will
transfer, upon impingement on the surface, part of their kinetic energy
and momentum to adatoms, favoring preferential displacement in the
forward direction of the vapor ﬂux (biased diffusion). Due to both glanc-
ing incidence condition and the appearance of new surfaces (the side of
the columns) this additional mechanism affects the otherwise tilted co-
lumnar growth, straightening the columns up, and making them cast a
larger shadow over the substrate. This mechanism, not yet taken into
account in the present simulations, likely explains the overestimation of
the column tilt angle at 0.3 Pa compared to βexp and the increase of the
columns diameter and inter-columnar space.
Experimentally, an increase of the pressure from 0.3 Pa to 0.5 Pa does
not have a signiﬁcant inﬂuence on the βexp values. Based on the work of
Alvarez et al. on Ti OAD MS ﬁlms, increasing the working pressure from
0.3 to 0.5 Pa corresponds to an increase of the thermalization degree Ξ
from0.7 to 1.2, and should result in columns being less inclined at higher
pressure [39]. Dervaux et al. [4] reported a monotonous decrease of βexp
from52.7° to 13.8° in Ti GLADﬁlms (α=85°)with increasing sputtering
pressure in the 0.13–1.3 Pa range. Similar trends of decreasing column
tilt angle with increasing pressure have been reported for other metallic
systems inpureAr discharge [17,18]. In the case of reactiveMS, sputtered
metal atoms andnitrogen speciesmaypresent different angular distribu-
tions; especially adsorption of nitrogen can be the result of dissociative
adsorption of N2 molecule, impingement of N+ ions or sputtered N
atoms when target is operated under compound mode.
Fig. 10 compares the dependences of the computed column tilt angle
β of TiN ﬁlms on substrate tilt angle α (Fig. 10a) and on resulting inci-
dence angle θres (Fig. 10b) at different working pressures: 0.0, 0.3 and
0.5 Pa. In the absence of collisions between particles (at 0 Pa), the
evolution of β follows perfectly the tangent rule at low substrate angle
(α ≤ 65°) and the Tait's cosine law at high substrate angle (α N 65°).
This behavior is commonly reported in the literature [1,2,14,15]. At
higher pressure, a deviation from these trends is observed, and the
Fig. 9.Correlation between simulated (β) and experimental (βexp) column tilt angle at two
different working pressures: 0.3 and 0.5 Pa. Filled symbols refer to Simul3D, and empty
ones to MODENA.
column tilt angle is found to saturate at high α angles, as mentioned
above. However, if we plot the computed β data versus θres, as intro-
duced in Section 3.1, then an evolution consistent with the two empir-
ical laws is recovered. This indicates that θres is a relevant parameter
to describe and predict the columns tilt angle, and points out to the im-
portance of accurately determining the local incidence angle of particle
ﬂux reaching the substrate. For evaporation, in the absence of gas scat-
tering and using small-size vapor sources, the assumption α= θres is
reasonable, which is no longer the case for MS processes, especially
when targets with large dimensions are used as sources and are oper-
ated at high working pressure.
4.2. Inﬂuence of working pressure on morphological evolution of deposited
structures
Fig. 11 shows the average layer density evolution of the simulated
structures with the substrate tilt angle and working pressure. Data ex-
tracted from both KMCmodels display the same trend, even if Simul3D
produces in all cases denser ﬁlms (around 10% more) than MODENA. A
decrease of the layer density is observed with the increase of α, the ef-
fect being more pronounced at 0.0 Pa, where ﬁlm densities as low as
30% are obtained for α = 85°. This trend is in good agreement with
both experimental and computed data reported for Ti MS ﬁlms grown
at 0.15 Pa [39]. Less variations of the layer density vs. α are found at
higher pressures, the lowest values being in the 60–80% range, again
in agreement with the data of ref. [39]. This is a direct consequence of
the less directional particle ﬂux (see Fig. 2). However, a cross-over phe-
nomenon is observed as a function of substrate tilt angle: at low angles
(α b 35°), the ﬁlms at 0.3 Pa are denser than the ones at 0.5 Pa, while at
high angles (α N 65°), the opposite situation holds. Such crossover was
also reﬂected in the resistivity evolution with α (see Fig. 6b). Interest-
ingly, it can be noticed that the crossover occurs for the maximum
value of the resulting incidence angle θres (see Table 1) meaning there
is a critical angle in the interval region 35° b α b 65°, as also revealed
for other physical features of OAD metallic ﬁlms [16]. This crossover
could be related to the bundling of nano-columns [29], which is en-
hanced at higher α angles due to increased shadow length but also de-
pends on the surface trapping probability (a higher trapping efﬁciency
being favored at higher pressure). The association of columns in the di-
rection transverse to the incoming ﬂux leads to the formation of inter-
columnar voids. The larger decrease of the ﬁlm density at 0.3 Pa is likely
Fig. 11. Evolution of the simulated average layer density of TiN ﬁlms with substrate tilt
angle α and working pressure. Filled symbols refer to Simul3D, and empty ones to
MODENA.
Fig. 12. Evolution of the rms-roughness of TiN ﬁlms with substrate tilt angle α and
working pressure. Filled symbols refer to Simul3D, empty ones to MODENA, and the
stars refer to experimental data.
Fig. 10. a) Dependence of the computed column tilt angleβ of TiN ﬁlms a) on substrate tilt
angle α and b) resultant incidence angle θres at different working pressures: 0.0, 0.3 and
0.5 Pa. Filled symbols refer to Simul3D, and empty ones to MODENA. The cosine (dotted
line) and tangent (dashed line) law-dependences are also indicated.
attributed to the larger inter-columnar spacing (see Fig. 8) associated
with higher column tilt angles β (see Fig. 10a) andwider coalescing do-
mains along the transverse direction. This is supported by the sharper
evolution of the resistivity and oxygen content for α N 65° (see Fig. 6).
At low substrate angle, alteration of the ﬁlm density is dominated by
intra-column vacancies, which in the absence of atom diffusion at
300 K, are formed by shadowing effect.
Fig. 12 plots the simulated and experimental surface rms-roughness
for the twoworking pressures investigated as a function of substrate tilt
angle. The simulated roughness is calculated in pxs and then converted
in nanometers with the corresponding resolution: 4 nm/px for Simul3D
and 0.212 nm/px for MODENA. Experimentally and numerically, the
roughness always increases with the substrate tilt angle. Again, a cross-
over phenomenon between the 0.3 and 0.5 Pa series is observed in the
simulationswith increasingα. Experimentally, such crossover is not ob-
served, but there is evidence of a stronger roughness increment with
substrate tilt angle at 0.3 Pa compared to the values obtained at 0.5 Pa.
5. Conclusions
In this study we have investigated the microstructures of TiN thin
ﬁlms deposited by reactive magnetron sputtering at various oblique inci-
dence angles. The effect of the discharge pressure on the column forma-
tion, their inclination with respect to the substrate normal and their
surface topography were systematically analyzed and compared to nu-
merical KMC simulations on a 3D rigid lattice and using two different bal-
listic models. Increasing the substrate tilt angle α resulted to an increase
in the surface roughness and TiN columns tilt angle β. The in-plane ar-
rangement of the columns was affected by the angular distribution of
the particle ﬂux, resulting in less tilted TiN columns at higher pressure
and to a saturation phenomenon at substrate tilt angles α ≥ 65°.
The increase of the electrical resistivity as a function of the substrate
angle αwas attributed to the higher post-growth oxidation of TiN ﬁlms
due to increasing inter-columnarﬁlmporosity at highα angles, this effect
being more pronounced at lower pressure. A good agreement between
experimental ﬁndings and KMC modeling of the TiN ﬁlm growth by
Simul3D and MODENA codes was achieved. Atomistic simulations also
revealed crossover phenomena between the 0.3 and 0.5 Pa series from
the evolution of the layer density and surface roughness versus α angle.
This opens route to ﬁnely tune the physical attributes of nanostructures
produced by GLAD techniques by optimization of the working pressure.
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